The reaction of [WOF 4 (MeCN) ] with the diphosphines, Me 2 PCH 2 CH 2 PMe 2 or o-C 6 H 4 (PMe 2 ) 2 , in anhydrous Et 2 O produced high yields of [WOF 4 (diphosphine)], the X-ray crystal structures of which reveal seven-coordinate pentagonal bipyramidal molecules with axial O/F. In contrast, the reaction of [WOF 4 
Introduction
Soft-donor neutral ligand complexes of early d-block metal oxide fluorides are very rare, even more so than the corresponding binary fluoride complexes [1] . Very unstable [VOF 3 (RSCH 2 CH 2 SR)] (R = Me, Et, i Pr) have been isolated, but decompose in a few hours, whilst phosphines, arsines and selenoethers reduce VO 2 F or VOF 3 to lower oxidation states [2, 3] . Complexes of NbOF 3 with hard N-or O-donors can be prepared from NbF 5 , (Me 3 Si) 2 O and the ligand in anhydrous MeCN, but attempts to isolate phosphine, arsine or thioether complexes failed, with only (polymeric) NbOF 3 being formed [4] . In contrast, complexes of NbF 5 with soft (P, As, S or Se) donors have been fully characterised [5] [6] [7] . We recently reported a general route to complexes of WOF 4 with nitrogen-or oxygendonor ligands, including [WOF 4 were also obtained. Attempts to prepare analogues with soft-donor ligands such as thioethers, selenoethers or arsines were unsuccessful, with these soft-donor ligands failing to displace the MeCN ligands.
Here we report examples of phosphine complexes of the monooxido tetrafluorido tungsten, WOF 4 , the successful syntheses being very dependent upon the particular phosphine, the solvent and the reaction conditions. Two examples of type [WF 6 (PR 3 )] (R 3 = Me 3 , Me 2 Ph) have been characterised as yellow and red crystals respectively, both seven-coordinate, the former a capped trigonal prism and the latter a capped octahedron [9] . Phosphine complexes of WOCl 4 have been described [10] , but lack X-ray crystallographic authentication, although the structure of the green, pentagonal bipyramidal [WOCl 4 {o-C 6 H 4 (AsMe 2 ) 2 }], which has axial O/Cl donors, has been reported [11, 12] . 4 (diphosphine)] as white, highly moisture sensitive powders. Attempts to obtain these complexes using MeCN or CH 2 Cl 2 as solvents were unsuccessful. The success of Et 2 O as solvent, despite the fact that the hard oxygen donor ether might be expected to be a better donor to a very hard Lewis acid than a soft phosphine, lies in the fact that the complexes precipitate from the reaction mixture immediately on formation. (We did not observe any evidence for diethyl ether adducts in the NMR spectra of the isolated phosphine complexes). CH 2 Cl 2 fails as a solvent since the Lewis acidic tungsten centre promotes protonation/quaternisation of the phosphine by the solvent [1, 5, 6] . In the case of MeCN the phosphine complexes are soluble in this solvent and it is likely that a mixture of phosphine and nitrile complexes and "free" phosphine are present, and the latter can reduce the tungsten. In many high valent metal systems [1] there is some competition between complexation of the phosphine (fast) and redox chemistry (slower). Coordinated phosphine does not produce metal reduction, hence the Et 2 O solvent system, from which the complex with bound phosphine precipitates is successful.
Results and discussion
The 2 ] was reported to show axial fluorides with an OF 2 N 2 donor set in the pentagonal plane [13] , but a subsequent NMR study showed the structure to contain axial O/F donors, and concluded that the crystal structure had contained unrecognised disorder of the axial O/F groups [14] [8, 13] , which can largely be attributed to the higher coordination number.
Attempts to isolate analogous complexes with the softer and weaker s-donor diphosphine o-C 6 H 4 (PPh 2 ) 2 , the diarsine, o- 0 -bipy)] has been described and was suggested to have a seven coordinate geometry, but attempts to grow crystals resulted in the isolation of [WO 2 F 2 (2,2 0 -bipy)] probably formed by disproportionation [16] . We re-prepared [WOF 4 (2,2 0 -bipy)] and our IR spectrum is essentially identical with that reported [16] , but we too were unable to obtain solution NMR spectra due to its insolubility in CH 2 Cl 2 , MeCN or MeNO 2 , whilst dmso displaced the diimine.
Attempts 
Analysis of the NMR spectra
The six interacting nuclear spins in the proton-decoupled spectra form are conveniently divided into the set 1-4, which are described as an AA 0 XX 0 second-order system, comprising P1, P2, F3 and F4, which has first-order coupling to F5 and F6. The partial spectra given by F5 and F6 can each be analysed as comprising a triplet of triplets of doublets, as shown in Figs. 4 and 5 .
The four nuclei P1, P2, F3 and F4 do not have a first-order spectrum. The two 31 P nuclei are chemically, but not magnetically equivalent, as are F3 and F4. As a consequence, this part of the total spectrum is that of a AA 0 XX 0 second-order spin system, which is 
Analysis of an AA 0 XX 0 spin system can yield values for all these coupling constants, but cannot distinguish between J AA 0 and J XX 0 , nor between J AX and J AX 0 [17] . This fundamental property of a onedimensional AA 0 XX 0 spectrum can be overcome by appropriate double-resonance, or two-dimensional correlation experiments, but these experiments were not possible on the two samples studied here, primarily because the compounds are not sufficiently stable for these long duration experiments. Figs. 6 and 7 show the resonances of P1 and P2 and F3 and F4.
The spectra were analysed using an iterative computer program ARCANA [19] . There are a total of 10 A and 10 X possible transitions, and coupling to F5 and F6 leads to a possible total 40 transitions for P1 and P2, and 40 for F3 and F4. The observed spectra for these four nuclei contain far fewer lines, and analysis of the spectrum requires assigning lines in the spectra of both groups P1, P2 and F3, F4 and iterating on the values of J 1,2 , J 1,3 = J 2,4 , J 1,4 = J 2,3 and J 3,4 whilst keeping J 1,5 = J 2,5 , J 1,6 = J 2,6 , J 3,5 = J 4,5 , J 3,6 = J 4,6 fixed at the values obtained from separate analysis of the peaks from F5 and F6. The chemical shifts and coupling constants are listed in Table 2 .
[WOF 4 (PR 3 )] complexes
The reaction of various tertiary phosphines with [WOF 4 [5, 6, 18] . Successful use of Et 2 O depends upon the phosphine complex being poorly soluble and hence its precipitation (see above) drives the reaction and removes the reducing free phosphine from the reaction.
[WOF 4 , similar to other six-coordinate complexes of WOF 4 [8] . The instability in solution prevented growth of crystals for an X-ray study, but the NMR data clearly confirm the pseudooctahedral geometry with O trans to P, as expected. 
Molybdenum analogues
There appear to be no neutral ligand complexes derived from MoOF 4 in the literature [1] apart from a mention of [MoO-F 4 (OPPh 3 )] identified in situ by 19 F NMR spectroscopy [20] . 
Experimental
Infrared spectra were recorded as Nujol mulls between CsI plates using a Perkin-Elmer Spectrum 100 spectrometer over the range 4000À200 cm
À1
. 1 ) and used as received, except for o-C 6 H 4 (PMe 2 ) 2 which was made as described [22] . The o-C 6 H 4 (AsMe 2 ) 2 [23] and o-C 6 H 4 (SMe) 2 [24] were also made by literature methods and [WOF 4 (MeCN)] was made as described previously [8] . All reactions were carried out under dinitrogen in rigorously dry solvents, using Schlenk and glove box techniques. CARE: WF 6 is highly corrosive and causes serious burns on skin contact, and the complexes described below produce HF on hydrolysis. Appropriate safety equipment should be worn.
[WOF 4 (PMe 3 )]
Powdered [WOF 4 (MeCN)] (0.32 g, 1.0 mmol) was stirred in diethyl ether (10 mL) and PMe 3 (0.075 g, 1.0 mmol) in diethyl ether (5 mL) added dropwise, when a clear, colourless solution formed. After ca. 5 min a solid started to deposit and the solvent was concentrated to 3 mL in vacuo. The solid was filtered off, rinsed with diethyl ether (3 mL) and dried in vacuo. 
X-ray experimental
Crystals of the two diphosphine complexes were grown from CH 2 Cl 2 solution as described above. Data collections used a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum (l = 0.71073 Å) rotating anode generator with VHF Varimax optics (70 mm focus) with the crystal held at 100 K. Structure solution and refinement were performed using SHELX(S/L)97, SHELX-2013 or SHELX-2014/7 [25] . The axial O/F disorder in [WOF 4 (Me 2 PCH 2 CH 2 PMe 2 )] was modelled by splitting the disordered atom into two positions and allowing the occupancy to refine. The data converged with ratio 0.68:0.32. The axial O/F disorder in [WOF 4 {o-C 6 H 4 (PMe 2 ) 2 }] could not be modelled satisfactorily, however. H atoms bonded to C were placed in calculated positions using the default C-H distance, and refined using the riding model. Details of the crystallographic parameters are given in Table 1 
Conclusions
Two rare examples of soft donor phosphine complexes with a hexavalent early d-block oxide fluoride, [WOF 4 (diphosphine)], have been prepared and characterised both structurally (single crystal X-ray) and spectroscopically (IR and multinuclear NMR). The second-order 19 
